Abstract * A multidisciplinary design study for Active Aeroelastic Wing technology considering the uncertainty in maneuver loads estimated by linear aerodynamic theory is presented. The study makes use of a design of experiments/response surface methodology and modal-based structural optimization to construct deterministic relationships between wing structural weight and control laws design, based on linear aerodynamics. CFD Navier-Stokes analysis is then used to define typical differences between rigid aerodynamic loads as predicted by nonlinear and linear theory. These differences are then used to define aerodynamic uncertainties in a probabilistic manner, which are propagated, through Latin Hypercube Sampling and modal-based static aeroelastic analysis, to a response function that represents the magnitude of structural redesign. Structural designs then are sought that are both low weight and whose performance is relatively invariant in the presence of load uncertainty.
Introduction
The structural design process of airframe companies is generally an iterative process between control laws design, load analysis, and structural analysis/design. In this process, the airframe is laid out and sized to meet various objectives, such as producibility, affordability, fit and function, and structural integrity across the entire flight envelope 1 . In particular, for agile fighter aircraft, the maneuver flight loads, which are a subset of all the loads that are analyzed, play a key part in the design of the structure as a large portion of the airframe is sized by these loads to meet strength, static . These loads naturally depend heavily on aerodynamics, weights, structures and flight control laws 4 , hence the iterative nature of the structural design process. Over the course of this iterative process, the maneuver loads are continuously refined to include more complex and accurate models, from empirical estimations or linear aerodynamics in the initial phases to Computational Fluid Dynamics (CFD) models, wind tunnel testing, and finite element aeroelastic effects in the latter stages of design 5 . As the structural design depends heavily on the loads, it too is refined as the loads models improve 1 . This sequential, iterative structural design process is often expensive, as the structure is continually being designed and redesigned usually with ever increasing weight. It often reveals the need for major design modifications (to both the structure and control laws) late in the design process, if load characteristics to which the structure was designed are not accurately predicted. For example, structural load characteristics of the X-29A associated with center of gravity position, the backup flight control system, and buffet were not fully predicted before flight test leading to modification of the control laws 6 . In another case, leading edge loads of the recently developed Eurofighter 2000 at transonic Mach numbers turned out to be higher than anticipated 5 . During the design of the F-16, the design and analysis assumptions were unable to cover all load scenarios, offering some "surprises in terms of external loads acting on the aircraft" and resulting, in one instance, in a fleet wide retrofit of an element of the upper wing skin structure 7 . As indicated by a few "real life" examples, the inability to accurately represent loads on an aircraft structure comes at the price of increased weight, longer design cycle times, and/or compromised performance. As a result, there is a motivation to acquire structural designs, at the earliest phases of the design process, that are robust to inaccurate loads, without imposing an unacceptable degree of conservatism. In doing so, the iterations between loads estimations and structural design may be American Institute of Aeronautics and Astronautics reduced, thus shortening design cycle time, and reducing the chances of major structural redesign late in the aircraft's development. In this context, a robust structural design is defined to be one that is low weight and has low variation due to uncertainty in maneuver loads.
Existing structural design methods are strained even further when new technologies are to be examined. Active aeroelastic wing (AAW) technology 8 , currently in a flight test research program at the Air Force 9 , provides some unique challenges to the structural design of future fighter aircraft. AAW technology makes use of redundant wing control surfaces to provide maneuver load control and increased roll authority. AAW design is inherently multidisciplinary, combining aerodynamics, active controls, and structures, to provide a net benefit to aircraft performance. It exploits the use of leading and trailing edge control surfaces to aeroelastically shape the wing, with the resulting aerodynamic forces from the flexible wing becoming the primary means for generating control power. With AAW, the control surfaces then act mainly as tabs and not as the primary sources of control power as they do with a conventional control approach. As a result, wing flexibility is seen as an advantage rather than a detriment, since the aircraft can be operated beyond control surface reversal speeds and still generate the required control power for maneuvers. The differences between AAW technology and a conventional control approach are illustrated conceptually in Figure 1 . The hypothetical example shows the cross section of two wings deforming due to aeroelastic effects, where the AAW on the left is twisting in a positive way with the use of both leading and trailing edge surfaces, and the conventionally controlled wing on the right, using only the trailing edge surface, is twisting in a negative way. The AAW design process refers to the concurrent optimization of the structural elements and the control surface deflections or gear ratios. The control surface gear ratios dictate how one control surface deflects with respect to a single independent surface. Two gear ratio scenarios are illustrated in Figure 2 in which the deflections of the leading edge inboard (LEI), leading edge outboard (LEO), and trailing edge inboard (TEI) surfaces are linearly dependent on the deflection of the trailing edge outboard surface (TEO). Historically, design of the gear ratios, more commonly known as trim optimization, has comprised of a direct gradientbased optimization formulation. By this approach, the gear ratios are optimized to minimize an objective of stress, component loads and/or control power 10, 11, 12, 13, 14 . The typical approach to the AAW design process then involves embedding trim optimization in an iterative process with structural optimization, to arrive at a simultaneous optimal control law and structural gauges. Reference [14] presents such an AAW design process in detail.
Gear Ratios
In contrast to the typical AAW design processes, Reference [15] approached the AAW design process in a probabilistic manner, seeking designs that were robust to small changes in the gear ratios. Changes in the gear ratios occur often over the course of the design process when the control laws are evolving. In Reference [15] , a design of experiments/ response surface methodology (DOE/RSM) 16, 17 was employed, in which a response surface equation (RSE) of structural wing weight versus the gear ratios was generated. Recently developed tools for modal based structural optimization 18, 19 provided efficient and accurate estimation of wing weight. Using the RSE, one could then find the set of gear ratios that produced the lowest weight structure. However, the aim of the study was not only to find low weight structural designs, but also robust structural designs (i.e., designs that were low weight but that required little redesign for small changes in the gear ratios). The control surface gear ratios were then assigned probability density functions (PDF) in order to model the changes in gear ratios that typically occur over the design process. Using the advanced mean value (AMV) 20, 21 method, cumulative distribution functions (CDF) of a response, which reflected the magnitude of redesign, were generated for each structural design used in obtaining the weight RSE. This response function was calculated by finite element analysis of the structural design, evaluating the strain constraints, and then summing them, with additional penalties for violated constraints. A robustness metric was assigned to each of the structural designs, giving the structural designer additional information, typically not available American Institute of Aeronautics and Astronautics in traditional design processes, with which to make design decisions.
The current research expands upon the work of Reference [15] by examining uncertainties in the maneuver loads. AAW design methods rely on linear aerodynamic theory for estimation of maneuver loads. Depending on the flight regime of interest, there may be significant discrepancies between the predicted loads and actual loads. As a result, there is significant uncertainty associated with maneuver loads estimated by linear aerodynamics. This uncertainty could be alleviated by the use of recently developed tools for CFD-based maneuver loads analysis and structural optimization schemes 22, 23 , in which the structural optimization is based on trimmed maneuver loads evaluated by a CFD analysis.
However, in consideration of a preliminary design study, in which multiple load evaluations are needed, extensive use of CFD codes may be impractical. Thus, the retention of computationally inexpensive linear aerodynamic methods is desirable, as long as the structural design methodology accounts for the inherent uncertainty associated with their use, and provides ways to mitigate its effect. The present study presents a probabilistic methodology to evaluate the effect of uncertainties in the aerodynamic load evaluation on the structural design.
DOE/RSM techniques are first used to construct the relationship between wing structural weight and gear ratios, based on linear aerodynamics. Then, a CFD Navier-Stokes analysis of the loads acting on the rigid configuration is used to define typical differences between linear and nonlinear wing loading. These differences are used to define the aerodynamic uncertainties in a probabilistic manner. Then, for each structural design, these uncertainties are propagated to responses of interest to the structural designer. The probabilistic characteristics of the response parameters can be used to evaluate the robustness of these designs, and allow for a trade-off study between weight, performance and robustness to be performed. The probabilistic information can be used to define the best overall design, and also to identify the design conditions for which early accurate evaluation of the aerodynamic loads is most important.
Mathematical Models

Design of Experiments/Response Surface Methodology
The DOE/RSM techniques used to construct the relationship between wing weight and the gear ratios employ intelligent design of experiments and statistical multivariate regression to relate a response to a set of contributing variables 17 . Many times the relationship between the response and the design variables is either too complex or unknown, so that it becomes necessary to use an empirical approach to build an approximate model of the exact relationship. The model, for the purposes of this study, is a 2 nd order equation, also referred to as a response surface equation (RSE), which takes the following form:
where b i are coefficients for the first degree terms, b ii are coefficients for the pure quadratic terms, b ij are the coefficients for the cross-product terms, x i are the design variables which, in the case of this study, are the gear ratios, and R is the response, most notably structural wing weight, being approximated. These coefficients are estimated using least squares regression of experimental or computer simulated data, which is provided in an organized manner through a design of experiments 17 . After checking the statistical and predictive accuracy of the RSE within the designated design space, the designer can use the RSE as a convenient model with which to examine a very complex design space. For a given point in the gear ratio design space, the weight can be estimated by the quadratic Equation (1), avoiding expensive finite element analysis and optimization.
Introduction of Aerodynamic Uncertainty to the Aeroelastic Equations
The basic equation for the static aeroelastic analysis of a free aircraft by the finite element method in discrete coordinates is 25 :
where [K] is the stiffness matrix, [AICS] is the aerodynamic influence coefficients matrix transformed to the structural degrees of freedom, {u} are the displacements and rotations at the structural nodes, [M] is the mass matrix, [φ r ] are the rigid body modes of the free aircraft, {ü r } is a vector of rigid body accelerations, [P] is a matrix of the rigid aerodynamic force coefficients due to aerodynamic trim parameters, q is the dynamic pressure, and {δ} is the aerodynamic trim parameter values (e.g., angle of attack, aileron deflection, pitch rate). The matrix [P] contains columns corresponding to the rigid aerodynamic forces due to a unit deflection of each of the trim parameters, plus a column for each of the control surfaces. A typical [P] matrix for a symmetric maneuver of the AAW model would look like:
The aerodynamic load vectors are normally estimated by linear aerodynamic panel codes, in the aerodynamic grid points, and then transformed to the structural grids through a spline matrix. It is these American Institute of Aeronautics and Astronautics vectors that the authors are suggesting to augment with uncertainty models.
Uncertainty in the rigid aerodynamic force coefficients ({P} i ) is introduced to the static aeroelastic equation through the following formulation:
where i refers to the aerodynamic trim parameter of interest, {P} linear is the vector of rigid aerodynamic force coefficients as predicted by linear aerodynamic theory, and {∆P} i , herein referred to as a "noise mode," is defined as:
The vector {P} nonlinear refers to the rigid aerodynamic forces due to a unit deflection of the trim parameter, as computed by a CFD analysis or provided by wind tunnel test. Since the purpose of introducing the noise mode is to capture nonlinear aerodynamic characteristics, which are not always evident at an angle of attack of one degree, {P} nonlinear is evaluated for a larger angle of attack and then normalized by the angle of attack used to compute it. This implies that the role of {P} nonlinear is not to introduce accurate load estimation into the aeroelastic analysis, but rather to introduce a measure of how the nonlinear load distribution may vary from the linear. The significance of the contribution of {∆P} i to the total force coefficient vector is related through a random variable, η i . The PDF associated with η i takes on values from 0 to 1, where 0 corresponds to purely linear rigid loads and 1 corresponds to purely nonlinear rigid loads.
As redundant control surfaces are being used to trim the aircraft, a gearing matrix, [G] , is introduced to the right hand side (RHS) of Equation (2) which relates the deflection of the dependent surfaces, {δ}, to the independent surface(s), {δ 1 }, so that the RHS becomes:
With the introduction of the load uncertainty model, and some rearrangement of terms, Equation (7) becomes:
For a free aircraft, Equation (2) is then solved together with the following constraint on the elastic displacements which is based on the assumption that the structural displacements, {u}, do not change the location and orientation of the center of mass
Equation (2) is used to define {u} as a function of {δ}, which involves the numerically-heavy decomposition of ([K]-q[AICS]). Substitution of {u} from Equation (2) into Equation (10) yields the trim equation 25 :
where [L] is the resultant aeroelastic mass, and [R] is the resultant aeroelastic trim forces matrix.
As modal-based analysis and optimization is being employed, the discrete displacements, {u}, of Equation (2) 
As a result of introducing uncertainty to only the right hand side of the static aeroelastic equation, the CPU-intensive decomposition of the left hand side does not have to be performed every time the noise variables change. This is especially beneficial, as probabilistic methods, particularly sampling methods, require many function evaluations to generate a CDF of a system response. This allows for application of more accurate probabilistic methods, such as the Latin Hypercube Sampling (LHS) 26 . Figure 3 shows the structural model used both in Reference [15] and the current study.
Numerical Example
It is a preliminary-design finite-element model of a lightweight fighter composite aircraft with 4 wing control surfaces (2 trailing edge, 2 leading edge) and a horizontal tail 18 . The skins of the wing are made up of 4 composite orientations, 0°, ±45°, and 90° plies, where the thickness of the -45° and +45° orientations are constrained to be equal. The composite wing skin plies are designed in thickness, via the structural optimization tool, ASTROS 27, 28 . American Institute of Aeronautics and Astronautics The wing section of the nonlinear aerodynamic model is shown in Figure 5 . The flow-field around the wing and fuselage was evaluated using an H-type grid, with 4 grid zones representing the upper and lower wing and its wake, and the upper and lower fuselage and its wake. Grid dimensions are 165x41x31 for the wing zones and 165x13x31 for the fuselage zones. The wing itself is represented by 62 grid points in the chordwise direction, 25 grid points in the spanwise direction, and 31 grid points in a direction perpendicular to the wing surface. The flow is analyzed by the CFL3D 30 Euler/Navier-Stokes code. Figure 6 shows pressure coefficient contours on the upper wing surface at a Mach number of 0.9 and 6 degrees angle of attack, which is typical for the maneuvers that this fighter performs. The flow field shown in Figure 6 is the result of a Navier-Stokes analysis, implementing the Spalart-Allmaras turbulent model. At the outer part of the span the flow was found to be separated at the leading edge, which is typical of very thin airfoils as the one in this case study which has a 4% thickness-tochord ratio profile. The nonlinear forces acting on the wing surface at this flight condition were normalized by the angle of attack and splined to the wing's structural grids using the spline technique of Reference [31] . These loads then served as {P} α nonlinear in Equation (5), and were used to predict the loading uncertainties due to a unit angle of attack. For the nonlinear force vector due to a unit deflection of a control surface, the flow analysis was repeated for the same flight condition, with the elevator deflected to one degree. The loads corresponding to the analysis without surface deflection were subtracted from loads corresponding to the analysis with the surface deflection to provide the net nonlinear load distribution due to the surface deflection. The design variables for the structural optimization are the layer thickness of the composite skins. The number of design variables is 78 due to physical linking of the skin elements. Internal structure and carry-thru structure are fixed. Table 1 presents the maneuver conditions and strength constraints to which the structure is designed. American Institute of Aeronautics and Astronautics For each maneuver, the deflections of 4 of the 5 control surfaces are linked to the remaining surface (known as basis surface) via the gear ratios defined in the CONLINK bulk data card. This basis surface then is the free variable in the ASTROS trim module and the deflections of all the other surfaces are dependent upon it.
The horizontal tail was selected as the basis surface for Maneuvers 1 & 2, since it has historically been the primary control surface for symmetric trim. The LEO surface was selected for Maneuver 3, because it is the most effective surface at supersonic conditions. Both trailing edge surfaces experience control reversal at supersonic flight, thus quickly ruling them out as candidates for the basis surface of Maneuver 3. For Maneuver 4, the TEO surface was chosen, since it is the most effective roll control surface at subsonic speeds.
Robust Aeroelastic Wing Design Method Design Space Definition
The first phase of the methodology is to understand how the structural designs are characterized by the gear ratios. This requires building relationships between structural responses, such as designed structural weight and hinge moments, and the gear ratios.
The gear ratios that this study is examining, and the ranges of each, are defined in Table 2 . Since there are four maneuvers to which the structure is sized, and four gear ratios per maneuver, there are a total of 16 gear ratios that are of interest. The range of each gear ratio was established in part by the maximum and minimum deflection of the control surface to which it corresponds. The responses of interest are listed in Table 3 , as well as their notation that will be used throughout the remainder of the paper. Of all the responses, the structural weight is the most important because it does the best job of capturing the overall "goodness" of the structural design. The hinge moments are important, because they directly affect actuator weight and required power. Given a fixed actuator with maximum allowable moment, the hinge moment responses can be considered as constraints in the design space.
Screening Test
The relationships between structural characteristics and gear ratios are approximated by RSEs using DOE/RSM techniques.
However, the 16 design variables (gear ratios) delineated in Table 2 envelop a sizeable design space. Thus, it is desirable to screen out some variables to reduce the size of the problem to a manageable level, while at the same time American Institute of Aeronautics and Astronautics acknowledging that many of the variables will be relatively insignificant.
The screening test is a 128-case, 2-level fractional factorial DOE, meaning that each gear ratio is tested only at its minimum and maximum value. The DOE is built using the statistical software JMP 32 , and a sample of the screening test is shown in Table 4 where the +1 refers to the maximum value of the gear ratio and -1, to its minimum value. Each row of the DOE corresponds to an "experiment", where each "experiment" is a modal-based structural optimization in ASTROS with different gear ratio values. As a result, each row also corresponds to a different structural design where laminate thickness and percent layer thickness of the structure are different from case to case. An effect-screening is then performed on the extracted data to determine which variables contribute most to wing weight. For this case, the effect-screening involves a linear regression of the weight using only main-effect terms (e.g., XLEI1) and 2 nd order interaction terms (e.g., XLEI1*XLEO1).
The regression coefficients of each of these terms is then scaled and ranked in order of their influence on wing weight 32 . The 8 most significant gear ratios from the screening test are shown in Table 5 . The other 8 gear ratios, that were not particularly significant, were then set to their midpoint values and remained fixed for the remainder of the study. Table 5 -Surviving Gear Ratios from Screening Test   XLEO1  XTEI1  XTEO1  XTAIL3  XLEI3  XTAIL4  XLEO4  XTEI4 Response Surface Equation
With the size of the problem now reduced, the next step is to build RSEs of the responses of interest as a function of the 8 surviving gear ratios. Creation of the RSEs is similar to that of the screening test in that a DOE is created, responses of interest are calculated for each case and inserted into the appropriate columns, and a regression analysis is performed on the data. The difference, however, is that the screening model is linear, whereas for the RSE it is quadratic. As a result, the DOE must test the design variables not at two levels, as in the screening test, but at three or more levels, to capture quadratic effects.
A 145-case DOE for 8 design variables was chosen for RSE generation. A sample of the DOE is shown in Table 6 where the -1's and +1's correspond to the minimum and maximum values of the gear ratios, respectively, and 0 is the midpoint of the gear ratio within its range.
As previously mentioned, each of the rows of the DOE table refers to a modal-based structural optimization with a different set of gear ratio values for every case. However, unlike the screening test, wing weight is not the only response that is extracted. In addition to weight, the other responses of interest (hinge moments) are extracted and inserted into the response columns. Table 6 shows some of the responses for which RSEs are constructed.
For each of the responses, a least squares regression is performed on the data, and RSEs are generated. A few of the more important of these RSEs are displayed in Figure 7 . This plot is known as a prediction profile, and it provides the designer with a convenient means to gain visibility of the design space as modeled by the RSEs. As the designer changes the values of the gear ratios, he can immediately see the influence of the decision on the responses.
The RSE fit is tested through a validation test, in which the response is evaluated at a number of random points throughout the design space and compared to its value as predicted by the RSE. For this study, the percent difference between the actual weight and the RSE predicted weight rarely exceeded 5%. This indicates that the weight RSE is a reasonably good predictor of the exact relationship. American Institute of Aeronautics and Astronautics With the RSEs determined and validated, the designer could select the gear ratio values that produced the lowest weight, subject to hinge moment constraints. However, this is a deterministic solution and the structural design that results from this selection in gear ratios could perform poorly if the aerodynamic loads differ from their values as predicted by linear aerodynamic theory. As a result, the next step is to evaluate each structural design resulting from each case in the DOE on its ability to meet strength requirements given that the aerodynamic loads associated with the angle of attack and with the control surfaces are uncertain.
Probabilistic Analysis
Noise modes for angle of attack ({∆P} α ) and the TEO surface ({∆P} TEO ) have been generated for the subsonic, symmetric maneuver condition. These noise modes correspond to the unit rigid force differences, at the structural degrees of freedom, between nonlinear and linear aerodynamics. To give an indication of the shape of these noise modes, Figures 8, 9 , 10, and 11 display chordwise pressure coefficient distributions as predicted by nonlinear and linear aerodynamics for a unit angle of attack and a unit deflection of the TEO surface. Figure 8 shows the ∆C p distribution for a unit angle of attack at a semispan of 32%. At this section a shock exists at about 75% of the chord, which the linear aerodynamic theory could not predict. Figure 9 presents the ∆C p distribution at 92% of the wing semispan, where the flow was found to be separated. At this section, too, the nonlinear ∆C p is significantly different than the linear. The nonlinear flow analysis predicted greater total lift per unit angle of attack, which resulted in less angle of attack required to trim the aircraft and consequently less aerodynamic loading. Figure 10 is the chordwise ∆C p distribution for a unit deflection of the TEO surface at a semispan station of 81%. At the TEO hingeline (which occurs at about 80% chord) linear aerodynamic theory predicts a much larger ∆C p than does nonlinear aerodynamics. Similarly, Figure 11 is the chordwise ∆C p distribution for a unit deflection of the TEO surface at a semispan station of 92%.
Once again, linear aerodynamics result in higher load at the trailing edge. Since it is desired that each structural design be analyzed on its ability to be invariant to uncertainties in the aerodynamic loads associated with control surfaces and angle of attack, a function is developed that captures the magnitude of redesign. For given values of the random noise mode coefficients (η LEO , η TEI , η α , etc.), modal-based static aeroelastic analysis of a structural design is performed, and the resulting strain constraints (used in the previous structural optimization) are calculated. The function that captures the magnitude of redesign then is the summation of all violated constraints that result from this static aeroelastic analysis case, as given by the following equation:
where ε i are the strain values, ε allowable are the allowable strain levels, and N is the total number of strain constraints used in the structural optimization. The function is built on the assumption that those structural designs that have highly violated strain constraints will require larger amounts of redesign than those with smaller amounts of or no violated constraints. One improvement, though, to this function could be to also include the area of the element corresponding to each strain constraint, so that large elements that have violated constraints are penalized more heavily than small elements that have violated constraints. American Institute of Aeronautics and Astronautics Probabilistic analysis, to compute a CDF of the redesign function, has been conducted. This probabilistic analysis was performed only for the first structural design of the DOE table and the subsonic, symmetric maneuver with uncertainty associated with the TEO surface. The probabilistic analysis method employed was LHS, which, as previously discussed, has some of the benefits of sampling based methods without the extreme computational expense normally associated with traditional Monte Carlo analyses. A uniform PDF varying from 0 to 1 was assigned to η TEO in an attempt to cover a large range of possible load conditions. One hundred samples of the random variable were generated, and for each random sample, the redesign function was evaluated. Figure 12 is the CDF of the redesign function due to uncertainty in the noise mode coefficient for the TEO surface. What this CDF suggests, based on the fact that there is a 0% chance of the response function being less than zero, is that any noise mode coefficient with a value greater than zero results in a violation of some of the strain constraints. Clearly then, designing the structure (for this particular value of gear ratios) with linear control surface aerodynamics, results in an inadequate solution when subjected to more realistic loads. In addition, the linear nature of the CDF suggests a nearly linear relationship between the redesign function and η TEO . Similar to the TEO outboard surface, a uniform PDF with a range from 0 to 1 was applied to the noise mode coefficient corresponding to angle of attack (η α ). For 100 random samples of η α , generated by LHS, the redesign function was evaluated and a CDF generated. However, the results of this analysis revealed that all samples resulted in no violated constraints, so that there was a 100% probability of the redesign function being less than zero. This suggests, that for the case studied, the use of linear aerodynamics for the estimation of loads due to angle of attack is conservative, just the opposite of what occurs for the TEO surface. This agrees with the trend found in Reference [31] in which the structure optimized for the nonlinear loads for a 3g pull-up was found to be lighter than a structure optimized for the linear loads. This also suggests that the uncertainty due to angle of attack should be propagated to the structural design to benefit a lighter weight structure.
It should be noted that by itself the CDF of the redesign function has little physical significance. Rather, when compared against the CDFs of other structural designs can one get an indication of how invariant a design is to load uncertainty. Future research will seek to provide a comparison of all of the 145 structural designs of the DOE table.
The above represents preliminary results with a main emphasis on the introduction of the noise mode concept. Final results will include probabilistic analysis of each of the structural designs of the DOE table with inclusion of uncertainties for all of the control surfaces and angle of attack and for all four maneuvers to which the structure was designed.
Conclusion
A multidisciplinary design study for AAW technology considering the uncertainty in maneuver loads estimated by linear aerodynamic theory has been presented. The research expands upon the work of Reference [15] by augmenting the rigid aerodynamic force coefficient vectors with uncertainty models based on nonlinear aerodynamics. The study employed design of experiments/response surface methodology and modal-based structural optimization to build deterministic relationships between key structural parameters, such as wing weight, and the gear ratios. Maneuver load uncertainty, associated with the use of linear aerodynamic theory, was then modeled in a probabilistic manner, through noise modes, which represent typical differences between rigid aerodynamic forces predicted by nonlinear and linear aerodynamic theory. The modeled uncertainty was then propagated to a response function, evaluated by static aeroelastic analysis, that was a summation of the violated strain constraints. This function was intended to capture the magnitude of redesign as a result of variation in the loads.
The present research represents a first attempt at introducing load uncertainty into the AAW design process. Upon evaluation of CDFs for all of the structural designs generated for the RSE and considering uncertainties in all control surfaces for all four maneuvers, the designer then can perform a tradeoff between weight, performance, and robustness, to determine what value of gear ratios produce the best structural design(s). Future research is aimed at accomplishing this.
